Introduction
The design and construction of synthetic materials with a precise 2D or 3D architecture is an area of great interest. Several routes toward such materials can be followed, the most recent ones make use of molecular recognition processes.
1,2
The rational design of organized molecular materials is also a fundamental problem in crystal engineering. 3, 4 In theory, since most organic compounds are crystalline, the identification of factors leading to different crystal structures would allow for the generation of a vast range of organic materials. In practice, however, the molecular interactions that generate certain crystal structures are multitudinous and the interpretation of the factors responsible for solid-state self-assembly is very difficult. 3, 5 The rational design of materials becomes even more complicated when two or more distinct molecules are desired in a given solid-state structure. 6 In many cases, this is an elusive process involving accommodation of small guest molecules into a porous crystalline host through rather unselective interactions. 7 It is therefore of particular interest to design and develop materials in which the different constituting building blocks are oriented in the crystal by making use of well-defined and directed intermolecular interactions, e.g., hydrogen bonds and π-π stacking. Excellent examples of such predesigned solid materials are Aoyama's stacked columns 8 and Wuest's networks, 9 which both contain small cavities with directed functional groups in which guest molecules can be complexed. Other well-defined cavity-containing crystals are those formed by Ghadiri's cyclic peptides, 10 whereas Gin has constructed polymerizable liquid-crystalline nanocomposites containing compartments that can accommodate metal complexes. In the latter example the enclosed metal complexes exhibited unique physical properties different to those of the complexes in the bulk or in solution.
11 In addition to these open-framework materials, many lamellar or layered solids are known which possess a spatial ordering of the molecular components in two dimensions. 7, 12 It is of great interest to design similar materials † Department of Organic Chemistry, NSR Center, University of Nijmegen.
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(2) (a) Whitesides, G. M.; Mathias, J. P.; Seto, C. T. in which guest molecules can be incorporated at discrete positions in the layers. A wide array of potential applications for such lamellar host-guest materials can be envisaged, e.g., in photovoltaic or condensator-like devices.
This paper describes our initial efforts toward the construction of host-guest materials, by the lamellar self-assembly of host molecules which can recognize small guests by hydrogen bonding and π-π stacking interactions. Over the past decade we have been studying a class of host compounds commonly referred to as "molecular clips". 13 These molecules of type 1 (Chart 1) possess a rigid, U-shaped cavity in which 1,3-dihydroxybenzene guests can be selectively bound in a 1:1 host-guest ratio ( Figure 1a ).
14 It is only recently that a further aspect of these molecules revealed itself: they can form dimers in organic solution and in the solid state, in which the cavity of one molecule is filled by the side-wall of its dimeric partner and vice-versa (Figure 1b) . In aqueous solution, water-soluble clip molecules can assemble in this way to form well-defined nano-arrays. 15 Stimulated by this dimeric self-association phenomenon we decided to derivatize molecular clips at their convex side with long aliphatic tails, the concept being that these molecules could dimerize to form smectic liquid-crystals, due to the resemblance of such a dimer to a rodlike mesogen (Figure 1c) . In analogy to many crystal structures of clip molecules, it was expected that these dimers would further organize themselves as a result of π-π interactions between the clip headgroups and thus form lamellar arrays. By the binding of 1,3-dihydroxybenzene guest molecules into the clips, it was hoped that they would be included in the material and hence alter its properties. In this paper, we report on the synthesis and materials properties of these new clip molecules and their host-guest complexes in some detail.
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Results and Discussion Synthesis. Starting from dicarboxylic acid derivative 3, 17 clip molecules 4 and 5 were prepared in yields of 73 and 82%, respectively, by esterification with the appropriate 1-bromoalkane in DMF, using K 2 CO 3 as a base (Chart 1). (18) The platelet texture was predominantly observed when the film was thinner. Strong evidence that both textures result from the same crystal structure comes from the fact that their melting and crystallization temperatures are the same. Further evidence is that the polychromatic texture often merges with the platelet texture in the same sample, particularly at the sample edges where the sample is thinner. liquid-crystalline mesophase.
19
Upon cooling, between 191 and 122°C liquid crystalline-like behavior was observed in the sense that the birefringence was maintained, and in addition the material was malleable and sheerable when pressure was applied. Prolonged or increased pressure often was found to lead to a certain degree of flow, and small crystallites surrounded by thin layers of isotropic fluid were observed, suggesting that localized melting occurred. Below 122°C, the texture was retained but the material was now completely solid.
Differential scanning calorimetry (DSC) studies (Figure 2a, Table 1 ) showed a phase transition at 122.6°C in the cooling run coinciding with the observed solidification of the texture by PM. The (second) heating run revealed the inverse of the cooling behavior, the material becoming malleable again at 137.6°C up to isotropization at 206°C. The enthalpy involved with this last transition was, however, far larger than would have been expected for a mesophase to isotropic liquid transition, suggesting that the material is in fact crystalline throughout the whole temperature range. This was confirmed by variable temperature X-ray powder diffraction (XRPD) studies, which showed numerous reflections in the middle to high angle regions, indicative of typical three-dimensional crystalline phases. This reflection pattern changed with increasing temperature, indicating a crystal-crystal transition, but no pattern ascribable to a mesophase became evident.
By enlarging the aliphatic tails it was hoped that liquid crystalline behavior would be induced. Upon cooling compound 5, which has two octadecyl tails, from the melt, two textures were observed by PM which were both very similar to those observed for 4. Both textures were again malleable over a wide temperature range, viz. from 185 to 84°C upon cooling and from 90 to 195°C upon heating. At lower temperatures, the birefringence remained but the material was solid.
The large ∆H value observed by DSC corresponding to the isotropic melt transition at 195.4°C in the heating run ( Figure 2b , Table 1) suggested that 5, like 4, exhibited no mesogenic behavior. The transition from malleable to solid phase in the cooling run at 84°C, as observed with PM, coincided with the first of three exotherms in the DSC trace, while the following heating run showed the inverse of the cooling behavior. 20 XRPD studies confirmed the crystalline nature of the material up to isotropization. A change in the reflection pattern also confirmed at least one crystal-crystal transition between 20 and 100°C. More importantly, however, unlike in the case of 4, for 5 a set of equally spaced reflections (corresponding to first, second, third etc. order reflections) in the low-angle region of all patterns between room temperature and melting was observed, indicating that 5 possessed a layered structure. The lamella thickness increased from 28.1 Å at 20°C to 40.9 Å at 130°C, with a further slight increase to 41.6 Å at 175°C (Table 2) .
Ordering of the Clips. The textures observed for 4 and 5 indicate long-range ordering of the molecules in (20) The exotherm observed at 162°C in the heating run is due to a cold crystallization, caused by incomplete crystallization in the cooling run because of too rapid cooling (10°C min -1 ). No exotherm was visible in the heating run when the sample was cooled at lower rates (1°C min -1 ) from the isotropic melt. the solid state. To the best of our knowledge, the polychromatic texture cannot be assigned to a known structure; the spherulites, however, are indicative of a lamellar organization. 21 The more commonly observed platelet structures are highly characteristic of a smectic organization in the thin films, and the observation of relatively large domains indicates long-range ordering (approaching several millimeters).
A model for the organization of the clips within the layers can be derived on the basis of the structure of the methyl ester compound 2, which was solved by X-ray analysis (Figure 3a) . In the crystalline state, clip 2 exists as discrete, slightly offset dimers, in which the cavity of one clip is filled by the side-wall of a partner (Figure 3b) . This is in contrast to the crystal structure of 1, 22 in which the molecules are not arranged in discrete dimers, but in sheets of clips giving an interwoven network (Figure 4) which is stabilized by π-π stacking interactions between the clip layers. In the case of 2, π-π interactions between the aromatic rings of the side-walls in adjacent dimers give rise to chains of clips which further self-assemble to yield sheetlike structures ( Figure  3c,d) . It is relatively easy to envisage how the extension of the ester methyl group to an octadecyl chain would give rise to a bilayer of clip molecules, surrounded by aliphatic tails. This bilayer model is depicted in Figure  5 and is supported by the XRPD measurements on compound 5. The lamellar thickness of 28.1 Å at 20°C can be explained by the presence of dimers which are tilted at an angle of at least 40°and have fully interdigitated alkyl chains. 23 The increase in layer spacing to 40.9 (130°C) and 41.6 Å (175°C) at higher temperatures is in good agreement with the length of a tilted bilayer of dimers of 5 with almost no alkyl chain interdigitation.
To obtain more information about the precise mode of self-assembly of 5 in the solid state, cross polarization magic angle spinning (CPMAS) 13 C spectra of this (23) A similar tilting of the dimers is observed in the crystal structure of 2 (see Figure 3c) . compound were recorded at 20°C and at 150°C ( Figure  6 ). All carbon resonances of 5 in these spectra could be assigned using the corresponding 13 C and DEPT-135 solution spectra. The carbon nuclei expected to show the greatest difference in their magnetic environment, depending on the mode of dimerization, are the side-wall carbon atoms e and the methoxy carbon atoms c. Four signals for e and four signals for c can be expected if 5 exists in discrete, slightly offset dimers, as is the case in the solid-state structure of 2 (Figure 3) . At 150°C, this seems to be the case. At room temperature, however, for both e and c fewer signals are observed, indicating a higher degree of symmetry. At this temperature, the clips apparently do not exist as discrete dimers, but appear to have a more overlapping dimeric structure as observed in the crystal structure of clip 1 (Figure 4 ). The resulting interwoven structure then may account for the typically nonmalleable crystalline behavior at low temperatures, whereas the formation of discrete dimers at higher temperatures would contribute to the induction of malleability. A further contribution to this malleability could be a decreased interdigitation of the alkyl tails at higher temperatures, as was suggested by the XRPD results. A downfield shift of the carbon nuclei at the termini of the aliphatic chains (a-b) upon going from 20 to 150°C, indicating a deshielding of these atoms, is in agreement with this assumption. Furthermore, the decrease in the CH 2 main chain peak width at 150°C is indicative of a higher degree of conformational mobility of the hydrocarbon tails.
The lamellar nature of 5 explains the malleability of the material at high temperatures as observed by PM. We attribute this behavior to the three above-mentioned factors ( Figure 7 ): (i) above the crystal-crystal transition at 90°C the fully interdigitated octadecyl tails become separated resulting in an increased lamella spacing; (ii) above this transition the octadecyl tails obtain an increased mobility, and (iii) the clip headgroups rearrange from an interwoven structure to a structure with discrete dimers. All factors are expected to contribute to a weakening of the internal cohesion of the bilayers and as a result lead to an increased malleability of the material. 24 The partially separated layers can more readily slide over one another in a manner analogous to other layered materials, such as graphite and talcum powder.
Host-Guest Complexes. Since the above-mentioned bilayerlike ordering of clips 4 and 5 may be responsible for the lamellar nature of the material, it was of interest to investigate the consequences of disrupting the dimeric structure of the clips by adding dihydroxybenzene guest molecules. An equimolar mixture of 4 and methyl 3,5-dihydroxybenzoate (MDB, see Chart 1) was prepared by solvent evaporation of a solution of the two components in a chloroform-methanol mixture (4:1, v/v). It was expected that dimerization of the clips would now be prevented and that 1:1 host-guest complexes would be quantitatively formed. 25 The freshly prepared mixtures initially displayed phase separation by PM and DSC indicating that complex formation was incomplete. To encourage complete host-guest complexation, the mixture was first heated to isotropization and then slowly (24) Whereas a simple lamellar structure with weak interactions between clip bilayers explains the malleability of the material, it does not explain the appearance of an apparently isotropic fluid component which was observed upon the application of pressure. A possible explanation for this behavior could be that due to the applied pressure van der Waals attractions responsible for the bilayer cohesion are broken. Essentially without this self-assembly process, the monomers or dimers melt and form an isotropic liquid. cooled, whereupon at 68°C a birefringent, nonmalleable microcrystalline texture began to appear typical of a crystalline organic material. Upon cooling, DSC analysis showed that a single exotherm at 67.6°C was present, whereas an exotherm due to cold crystallization was visible in the consecutive heating run followed by a melting endotherm at 130°C (top trace in Figure 8 ). The absence of phase separation in the mixture was concluded from both PM and DSC measurements, suggesting that a complete host-guest complex formation had taken place. This complexation should prevent dimerization of the clips and the formation of extended 2D sheets. As a result the energy required for melting is reduced leading to a dramatic reduction of the melting point, which was observed.
To confirm the formation of a 1:1 host-guest complex, varying ratios of 4 to MDB were prepared. The DSC traces of the second heating runs of these mixtures are shown in Figure 8 . As is apparent, the incorporation of progressively lower quantities of MDB into the mixtures results in a gradual diminution of the melting endotherm of the 1:1 complex at 130°C. Simultaneously, the appearance of a second endotherm at progressively higher temperatures displaying increasing enthalpies, attributable to uncomplexed 4, becomes apparent. At a molar ratio of 4:MDB ) 1:0.5, stable crystals in an isotropic fluid became visible at 150°C, indicative of a high degree of phase separation between uncomplexed 4 and the host-guest complex. The endotherms below 100°C
in Figure 8 are presumed to be crystal-crystal transitions unconnected with the phase separation between the host-guest complex and the free clip.
The thermal behavior of complexes of 5 and MDB was very similar to that of the complexes of 4 and MDB. Cooling of the 1:1 complex of 5 and MDB from the isotropic melt gave a nonmalleable birefringent microcrystalline texture at 53°C, while the material melted at 107.3°C in the following heating run. Whereas the FTIR spectrum of uncomplexed 5 displayed a vibration of the carbonyl group of the glycoluril core at 1722 cm -1 , that of the complex showed a shift of this stretching vibration to 1718 cm -1 , indicative of a hydrogen bonding interaction between 5 and the MDB guest. More importantly, the absorption due to the OH stretching vibration of the MDB guest narrowed considerably upon complexation and shifted from 3387 to 3337 cm -1 , again indicating hydrogen bonding. The nature of this 1:1 complex was further investigated with XRPD ( Table 2 ). The diffractogram at 20°C obtained for the mixture directly after solvent evaporation displayed numerous reflections many of which were similar in position to those observed for uncomplexed 5. In addition, d spacings corresponding to a lamellar thickness of 37.5 Å were observed in the lowangle region. After recrystallization of the mixture from the melt, a unique diffraction pattern was observed which showed no peaks in the low-angle region anymore, indicating the disappearance of the lamellar structure of 5.
If MDB prevents 4 and 5 to form dimers and adopt a lamellar organization, complexation of a guest which again allows dimerization of the resulting host-guest complex should in principle restore the lamellar behavior. To investigate this, the 1:1 complex of 5 and 3,5-dihydroxybenzoic acid (DBA, see Chart 1) was prepared. This guest can complex with its phenolic hydroxy groups to the carbonyl groups of 5, and additionally form a dimer with another clip-bound DBA guest via its carboxylic acid group. Upon cooling from the melt, the complex of 5 and DBA displayed a clearly spherulitic birefringent texture at 137°C. As for uncomplexed 5, the film of the complex was malleable. This property disappeared below 100°C when a typical crystalline solid behavior was observed. Unlike in the case of uncomplexed 5, no clear transition from solid crystal to malleable crystal was visible by DSC which would correlate with the PM observations. XRPD measurements on the freshly prepared sample revealed many reflections which coincided with those observed for uncomplexed 5. After recrystallization from the melt a unique pattern was observed, which showed reflections in the small angle region arising from first-, second-, and third-order reflections corresponding to a lamellar thickness of 57.2 Å. This value is in agreement with an "extended dimer" structure as depicted in Figure 9 . Further evidence for this structure comes from the FTIR spectrum of the complex. As for the complex of 5 with MDB, the complex with DBA showed a single urea carbonyl stretching vibration at 1718 cm -1 indicative of a hydrogen bonding interaction between the host and the guest. The absorption due to the OH stretching vibration of the hydroxyl groups of the DBA guest narrowed considerably upon complexation and shifted from 3327 to 3302 cm -1 , again indicating hydrogen bonding interactions with 5. Most importantly, however, the carbonyl stretching vibration at 1690 cm -1 due to the dimeric benzoic acid structure was preserved in the crystalline complex.
Conclusion
The attachment of long alkyl tails to the convex side of molecular clips derived from glycoluril leads to interesting self-assembled architectures. The molecules adopt a bilayer structure through a mutual cavity filling process (dimerization) which in combination with intermolecular π-π stacking interactions generate malleable crystalline thin films. Between room temperature and melting to the isotropic liquid state the clip compounds undergo a number of crystal-crystal phase transitions. The last transition results in a lamellar crystalline phase which displays a malleable behavior.
Host-guest complexes of the clip molecules can be generated by melt-processing stoichiometric quantities of the clip and hydroxy-substituted aromatic guest molecules, like MDB and DBA. Upon complexation, the former guest disrupts the self-assembly process of the clip molecules. As a result the bilayer structure is disrupted and a simple crystalline solid with no higher structural order is generated. When complexed with DBA, the clip molecules again can self-assemble, viz. through the formation of acid dimers. The consequence of this process is that the bilayer structure is restored and that the material becomes malleable again. Further research into the self-assembling properties of the molecular clips will focus upon the introduction of functional guests into the layered structures and the induction of real liquidcrystalline properties. The latter is hoped to be accomplished by increasing the volume of the aliphatic tails, resulting in a weakening of the interdimer interactions and thus a disruption of the 2D layers. Work along this line is in progress.
Experimental Section
Materials and Methods. DMF was dried over BaO for one week and then vacuum distilled. K2CO3 was dried in an oven (150°C). All other chemicals were commercial products and used as received. Molecular modeling calculations were performed on a Silicon Graphics Indigo II work station using the CHARMm force field. 26 Syntheses. Compound 1 was synthesized as described in the literature. 27 The synthesis of compounds 2 and 3 will be described elsewhere. , and KI (5 mg) were added to degassed DMF (10 mL) and stirred under nitrogen at 100°C for 64 h. After cooling, the mixture was evaporated to dryness, and the residue was dissolved in CH2Cl2 (100 mL). This solution was washed with aqueous 1 N HCl (2 × 100 mL) and with water (200 mL) and evaporated to dryness. The residue was recrystallized from a mixture of CH2Cl2 and ethanol (1:9, v/v) to yield 215 mg (73%) of 4 as a white powder. Sample Preparation for the DSC, PM, and XRPD Experiments. Approximately 5-10 mg of a clip or host-guest complex was used in the DSC experiments. In the case of host-guest complexes, an amount of 5-10 mg of clip and an equimolar quantity of guest were dissolved in a mixture of CHCl3 and MeOH (4:1, v/v). The solvent was evaporated overnight under a stream of nitrogen while heating the mixture on a water bath at 40°C. Samples were prepared in stainless steel large volume pans (75 µL). All transition temperatures and enthalpies were determined from the first cooling and second heating scans. Polarizing microscopy was carried out under crossed polarizers on a Jeneval polarizing optical microscope connected to a Linkam THMS hot stage. Differential scanning calorimetry thermograms were recorded on a Perkin-Elmer DSC 7 instrument. X-ray powder diffraction experiments were carried out on powdered samples in a pinhole camera (Anton-Paar) operating with a Ni-filtered Cu KR beam. The samples were held in Lindemann glass capillaries (1 mm diameter), and the X-ray patterns were collected on a flat photograpic film.
Sample Preparation for the FTIR Experiments. Stoichiometric quantities of the clip and the relevant guest were thoroughly mixed and then ground together with KBr before being pressed as disks. Spectra of the clip and the complexes were recorded before and after heating the pressed disks above the isotropisation temperatures and subsequent cooling. Alternatively, the clip and complexes were melted and cooled on a gold covered microscope slide, and spectra were recorded 
